Periodic microstructures over a large area allow novel functionalities such as structural color and self-cleaning surfaces 1-3 and lead to a wide range of applications from adaptive bioengineering 4 and flexible electronics 5 to adhesives. 6 In constructing microstructures of diverse classes of materials, soft-lithography 7 has been widely used but often involves inherent limitations to the applicability for non-planar surfaces and the pattern resolution predefined by the stamp. Recently, a variety of surface wrinkling and creasing patterns [8] [9] [10] [11] in thin films have attracted much attention from the viewpoints of the fundamental mechanism for the pattern formation as well as the advancement of bottom-up technology. It is known that the compression of a thin film on a compliant substrate provides a central mechanism for the spontaneous formation of highly ordered patterns above a certain (or critical) value for the onset of the elastic instability. The critical value of the stress is determined by the mechanical properties and the dimension of the film. The resultant patterns appear in a variety of morphologies and spatial configurations according to the difference in the applied stress state. To date, a number of different types of self-organized wrinkling have been reported. 12-14 Some examples are surface wrinkling 10,15 associated with osmotically driven swelling, anisotropic molecular orderingbased wrinkling in liquid crystal elastomers, 16 and polymerization difference-induced surface instability. 17 In such cases, patterns of microstructures are developed in many steps through random ordering or isotropic wrinkling into radial and circular shapes. For practical applications, the structural control of the functional materials in diverse configurations together with the simplicity in processing should be fully examined.
Periodic microstructures over a large area allow novel functionalities such as structural color and self-cleaning surfaces [1] [2] [3] and lead to a wide range of applications from adaptive bioengineering 4 and flexible electronics 5 to adhesives. 6 In constructing microstructures of diverse classes of materials, soft-lithography 7 has been widely used but often involves inherent limitations to the applicability for non-planar surfaces and the pattern resolution predefined by the stamp. Recently, a variety of surface wrinkling and creasing patterns [8] [9] [10] [11] in thin films have attracted much attention from the viewpoints of the fundamental mechanism for the pattern formation as well as the advancement of bottom-up technology. It is known that the compression of a thin film on a compliant substrate provides a central mechanism for the spontaneous formation of highly ordered patterns above a certain (or critical) value for the onset of the elastic instability. The critical value of the stress is determined by the mechanical properties and the dimension of the film. The resultant patterns appear in a variety of morphologies and spatial configurations according to the difference in the applied stress state. To date, a number of different types of self-organized wrinkling have been reported. [12] [13] [14] Some examples are surface wrinkling 10,15 associated with osmotically driven swelling, anisotropic molecular orderingbased wrinkling in liquid crystal elastomers, 16 and polymerization difference-induced surface instability. 17 In such cases, patterns of microstructures are developed in many steps through random ordering or isotropic wrinkling into radial and circular shapes. For practical applications, the structural control of the functional materials in diverse configurations together with the simplicity in processing should be fully examined.
In this communication, we first describe the fundamental mechanism for self-organized wrinkling in ultraviolet (UV)-cured liquid crystalline polymer films and then demonstrate the singlestep fabrication of wrinkling patterns with high fidelity in a wellcontrolled manner. The physical origin of wrinkling and the effect of geometrical constraints, such as the parallel and circular confinements, on wrinkling are presented. Our surface wetting geometrybased approach enables us to produce well-ordered microstructures through a simple process for self-organized wrinkling.
The step-by-step fabrication processes of anisotropic wrinkling patterns are described in Fig. 1(a)-(d) . A hydrophobic fluorinated polymer (DS-1120, Harves Co., Ltd) of about 300 nm thick was first coated on a relatively hydrophilic glass substrate, which was cleaned in a piranha solution, as a commanding layer. It was then exposed to the UV light with the wavelength l = 365 nm at the intensity of 100 mW cm À2 through a photo-mask with predefined patterns of chrome on a quartz plate so as to generate desired patterns as shown in Fig. 1(a) . Using this selective wetting inscription (SWI), the patterns (denoted by 1) for wetting were precisely produced in the background dewetting region (denoted by 2) as in Fig. 1(b) . Note that a quartz plate, not a soda lime glass substrate, was used for fabricating the photo-mask so that the UV light was barely absorbed and mostly reached at the commanding layer. The threshold for the photo-ablation 4, 18, 19 of the commanding layer was found to be about 15 J cm as shown in Fig. 1(c) . The RM solution was composed of 3 wt% of acrylate-based LC monomers with mesogenic groups including 4-(6-acryloyloxyhexyloxy)-benzoic acid (4-cyanophenyl ester), 4-(3-acryloyloxypropyloxy)-benzoic acid 2-methyl-1,4-phenylene ester, 4-(6-acryloyloxyhexyloxy)-benzoic acid-(4-methoxyphenylester), and 2-methyl-1,4-phenylene-bis[4-(6-acryloyloxyhexyloxy)benzoate] in the solvent of propylene glycol monomethyl ether acetate. In fact, the hydrophilic functional groups including acryl and ester in the RM favour to be wet in the hydrophilic region, meaning that the surface wettability leads directly to patterning capability. Depending on the dipping speed, the RM thickness was varied in the range of 0.1-5 mm. At the dipping speed of 20 mm min À1 , the RM layer was about 0.3 mm thick. Upon dip-coating, only the hydrophilic region was covered with the RM solution. The RM droplet confined in the stripe pattern became gradually thin toward two confining boundaries, i.e., the thickness gradient was perpendicular to the boundaries, as shown in Fig. 1(c) . The RM molecules were aligned along the direction normal to the droplet surface and the substrate surface. The sample with the RM pattern was baked for 1 min at 60 1C to remove the residual solvent. As shown in Fig. 1(d) , the baked RM layer was finally irradiated to the UV light at the intensity of 100 mW cm À2 for 150 s to promote the self-organized wrinkling process through sequential cross-linking (see Fig. S1 in the ESI † for the dependence of the wrinkle formation on the UV irradiation). As clearly seen in the image of Fig. 1(d) observed using a scanning electron microscope (SEM), micro-fishbone structures, each of which having about a 0.5 mm-thick wrinkle ridge (see Fig. S2 in the ESI † for the image by atomic force microscopy), were developed in the wetting region after polymerization under the UV exposure. From the analytic relationship between the wavelength and the film thickness observed in geometrically confined polymers, 20, 21 it is expected that the period of the wrinkle depends on the ratio of the thickness of the fully cured, hard skin layer to that of the less cured, underlying elastic layer in view of elasticity. In other words, the relative thickness plays a primary role in the morphology of the wrinkles including the period and the amplitude. We first describe how the parallel confinement affects the growth and the self-organization of the wrinkles in the polymer film. The optical microscopic photographs in Fig. 2(a) and (b) show the wrinkle formation after 60 s and 180 s for the UV irradiation on the thermally treated RM film of 1.5 mm thick, respectively. Periodic splay-bend wrinkles were initially developed as shown in Fig. 2(a) and the domains of the wrinkles with the singularity of the strength of 1/2 and the disclination strength of À1, separating two adjacent domains, were further grown from two parallel boundaries as shown in Fig. 2(b) (see Fig. S3 in the ESI † for the birefringent patterns of the wrinkles observed using an optical polarizing microscope under crossed polarizers). In general, upon the UV exposure, photocurable monomers experience cross-linking or polymerization in a depth-wise manner from the outer surface to the inner bulk by the curing treatment. 4, 17 This implies that in our case, the crosslinking in the RM layer confined between two boundaries is 
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completed first in the edges as shown in Fig. 2(a) and later in the central region, meaning that the wrinkle formation proceeds from the edges toward the centre of the RM layer. As a consequence, the domain periodicity is formed perpendicular to the region boundary so as to laterally relax the stress built up during cross-linking. The outer layer of the monomers, being cured first, provides a solid, cross-linked skin which serves as a support for the stress in the inner bulk. The mechanical strength and the thickness of the skin depend on the intensity of the UV light in addition to the intrinsic material properties. Since the skin becomes shrunk during polymerization, 22 the in-plane tensile stress produced by the frustrated shrinkage on the substrate should be relaxed. This stress relaxation leads to the out-of-plane deformation of the skin in periodic wrinkles along the direction perpendicular to two parallel boundaries as shown in Fig. 2(a) . The domains of the wrinkles, developed fully and merged together in the interior between the two boundaries, are seen in Fig. 2(b) . This phenomenon shares common features of the LC domains although the length scale is very different. Let us discuss the morphological characteristics of the wrinkling patterns in analogy to the defects and the disclinations observed in liquid crystals (LCs). [23] [24] [25] In the LC case, the most probable director configuration is determined through the minimization of the total free energy with respect to the director field. Fig. 2 (c) and (d) represent the schematic diagrams corresponding to Fig. 2(a) and (b) for the wrinkling patterns, respectively, where the wrinkling process is conceptually shown with the help of the patterns around the disclinations as in the continuum theory of the LC. 22 The splay-bend patterns were simultaneously appeared in two parallel boundaries (the interfaces between hydrophilic and hydrophobic regions) and evolved toward the interior from the boundaries as shown in Fig. 2(c) . Due to the mutual competition of the splay-bend distortions between adjacent domains in each boundary, periodic line defects with the strength of 1/2 were necessarily produced within the closed domains. 26 Moreover, when the fronts of two domains grown from two opposite boundaries met together, the wrinkles became developed through the relief of the elastic strain and periodic domains with the disclination strength of À1 were produced in the central region as shown in Fig. 2(d) . Note that the domain size of the wrinkles and the period (L) of the splaybend distortions depend on the geometrical factors, such as the film thickness and the confined area, in addition to the material properties including the bend and splay elastic constants (for more details, see Fig. 3 ). A delicate interplay between the bulk elastic energy and the surface energy 27 plays a significant role in the characteristics of the defects, particularly, in a thin solidified RM film as if the surface anchoring energy of the LC molecules dominates over the bulk elastic energy under a confined environment. 28 We now consider another type of the confinement with a closed topology. In contrast to the parallel, open geometry as in Fig. 2 , the radial domains of the wrinkles were developed from the circumference of the circular wetting region with the radius of r, which represents a symmetric and closed topology, as shown in Fig. 3(a) . Depending on the confinement dimension, the radial domains with multi-fold symmetries appeared by the orientational symmetry-breaking. 29 Note that above a certain radius of the wetting region (r 4 50 mm), essentially no further formation of the wrinkles was proceeded toward the centre, leaving out a rather uniform region within a circle of the radius of r 0 as shown in Fig. 3(a) . This implies that there exists a macroscopic characteristic length (x), which is related to the propagation of the splay-bend distortions, yielding the growth of the wrinkled domain, from the boundary to the centre of the wetting region. In other words, beyond the characteristic propagation length, the elastic strain resulting from the periodic splay-bend distortions becomes nearly relaxed to produce the uniform domain in the central region as observed for the cases of 5-, 6-, and 8-fold symmetries. From the measured values of r = 39.2 and 50.8 mm for 4-and 5-fold symmetries, respectively, in Fig. 3(a) , x was estimated to be about 40 mm for the RM layer of 0.3 mm thick in our case. For r r x, the wetting region was entirely covered with the periodic wrinkles whereas for r 4 x, an elastic strain-free uniform region was left out inside the circle of r 0 . This is the criterion for the formation of a ring-type region of the wrinkles (between r and r 0 ) in the circular confinement. Let us analyse the pattern symmetry or the number of the radial domains as a function of r. As shown in Fig. 3(b) , the number of the domains was found to be linearly proportional to r. This suggests that in principle, multi-fold symmetries are possible for all integers depending on the relative ratio of the periodicity L of the splay-bend distortions, described in Fig. 2 , to the circumference 2pr in the circular confinement although 3-and 7-fold symmetries were not observed in the samples we studied. Another point is that the arc length (l) of each radial domain decreases with increasing r as shown in the inset of Fig. 3(b) . From the viewpoint of the length scale, three key parameters of the radius r representing the confinement, the periodicity L, and the characteristic propagation length x of the splay-bend distortions come into play in determining the formation of a ring-type region of the wrinkles and the multi-fold symmetry of the periodic domains. Finally, it is interesting to investigate the optical anisotropy of the wrinkled structure. Fig. 4 shows the birefringent patterns of the solidified RM film, observed under crossed polarizers, in the circularly confined geometry. The dark brushes that appeared typically in the Schlieren-type texture 25 represent the local molecular orientations of the RM, which coincide with either the polarizer (P) or the analyser (A). The disclination associated with four brushes has the singularity with the strength of s = À1. The RM molecules were aligned radially toward the centre of the circular confinement along the direction either parallel or perpendicular to the tangent of the boundary. Clearly, the uniform alignment of the RM was achieved in the central region while the wrinkles were developed in the vicinity of the boundary. The birefringent wrinkles were profound in a rather thick (B5 mm) layer of the RM but not in a relatively thin (42 mm) layer because of no considerable optical anisotropy. The birefringent patterns of the wrinkles in a ring-type configuration (see Fig. S3 in the ESI †) have been used for developing an artificial iris. 4 
Summary
We demonstrated the self-organized wrinkling patterns, depending on the anisotropic nature of the surface wettability in the confined geometries, of the RM after solidification by the UV exposure. It was found that the multi-fold symmetries of the periodic wrinkling patterns in the solidified RM films were primarily dictated by the relative length scale among the confinement dimension such as the radius of the circular confinement, the periodicity of the splaybend distortions of the RM material used, and the characteristic propagation length of the splay-bend distortions from the boundary toward the interior of the confined (or wetting) region. The selforganized wrinkling patterns with the optical anisotropy presented here may be useful for devising a new type of optical and/or biomimetic device with embedded periodic microstructures for applications such as in structural colours and metamaterials.
